Background. The effectiveness of «-blocker therapy for dilated cardiomyopathy (DCM) may be attributed to the inhibition of detrimental effects on the failing heart of sympathetic stimulation during exertion. However, the harmful effects of activity as well as the protective effects of (-blockers have not been demonstrated. Diastolic ventricular function is known to be sensitive to transient myocardial metabolic insult. In this study, we investigated the effect of modest exercise with or without (blockade on the diastolic left ventricular pressure-volume (P-V) relation in patients with DCM.
Background. The effectiveness of «-blocker therapy for dilated cardiomyopathy (DCM) may be attributed to the inhibition of detrimental effects on the failing heart of sympathetic stimulation during exertion. However, the harmful effects of activity as well as the protective effects of (-blockers have not been demonstrated. Diastolic ventricular function is known to be sensitive to transient myocardial metabolic insult. In this study, we investigated the effect of modest exercise with or without (blockade on the diastolic left ventricular pressure-volume (P-V) relation in patients with DCM.
Methods and Results. The diastolic left ventricular P-V relation was obtained by high-fidelity pressure measurements and digital subtraction left ventriculography at rest and immediately after modest supine bicycle exercise in 12 patients with DCM. The effects of intravenous administration of 0.1 mg/kg propranolol on resting and exercise P-V relations were studied. The end-diastolic and lowest left ventricular pressures were significantly elevated by exercise (20±9 to 32± 13 mm Hg, P<.01, and 12±6 to 21±+11 mm Hg, P<.01, respectively) despite insignificant changes in left ventricular volumes. The administration of propranolol did not alter the resting diastolic P-V relation. However, propranolol significantly attenuated the exercise-induced upward shift of the diastolic P-V relation despite a significant increase in end-diastolic volume. The significant upward shift and attenuation by propranolol were also observed even when the left ventricular pressure was corrected by the subtraction of right atrial pressure.
Conclusions. These results indicate that even modest exercise exerts detrimental effects on diastolic left ventricular function of the failing heart through ,&adrenergic stimulation. The clinical effectiveness of (3-blocker therapy in patients with DCM can be attributed in part to the inhibition of detrimental myocardial effects of sympathetic stimulation during daily activity. (Circulation. 1993 Fifteen minutes after the baseline digital ventriculography and pressure measurements, the control supine bicycle exercise test was conducted for 3 minutes. To prevent the formation of groin hematomas, the puncture site of the femoral artery was compressed by fingers of the angiographer during exercise. The exercise workload was set at a level of approximately 50% of the preliminarily determined peak oxygen uptake of individuals. Breath-by-breath respiratory gas analysis was performed during exercise using a respiro-monitor system (model RM-200, Minato Co, Tokyo, Japan), and the oxygen uptake was obtained as the mean value of every 30 seconds. Since the digital ventriculograms are influenced by body movements due to respiration and exercise, exercise left ventriculography and pressure recordings were performed within 15 seconds after cessation of exercise during held respiration. Since the exercise workload was modest, patients were able to hold respirations for several seconds during the postexercise ventriculography. To avoid effects of leg raising on hemodynamics, the postexercise ventriculography as well as the resting study was performed with legs on the level. Patients were allowed to rest for 30 minutes after completion of the control study to allow for the dissipation of effects of the first exercise and contrast medium. After confirming that heart rate and blood pressure had returned to the baseline values, 0.1 mg/kg propranolol diluted with saline was administered intravenously over 5 minutes. Ten minutes after the injection was completed, the left ventriculography and pressure measurements were repeated both at rest and after exercise at the same workloads and time intervals.
Data Analysis
Left ventricular volumes were obtained from digital ventriculograms. Well opacified and sinus beats were selected and digitized frame by frame for an entire cardiac cycle by two investigators blinded to the sequence of ventriculograms. Left ventricular volumes were calculated with a standard angiographic arealength method.12 Angiographic end diastole and end systole were defined as the frame of the largest and smallest left ventricular volumes in each cardiac cycle, respectively. The variability of our volume measurements were tested by repeated analysis of 18 resting and 18 exercise digital left ventriculograms. The standard deviation (SD) for intraobserver measurements was 13.7 mL (n=36, r=.98, y=1.0Qx-0.74, P<.0001), and the SD for interobserver measurements was 14.5 mL (n=36, r=.97, y=0.96x+8.22, P<.0001).
Pressure tracings in the beat selected for volume analysis were digitized every 3 milliseconds for an entire cardiac cycle by a blinded investigator using an electronic digitizer (model KD4300, Graphtec Co, Tokyo, Japan) interfaced with a personal computer (model PC-9801DR, NEC Co, Tokyo, Japan). The end-diastolic pressure was defined as that at the beginning of the rapid increase in left ventricular pressure immediately after the onset of the QRS complex. The time constant of left ventricular pressure decay was calculated as the negative reciprocal of the slope relating left ventricular pressure to dP/dt coordinates between peak negative dP/dt and the time at which pressure decreased to left ventricular end-diastolic pressure.13 Because of afterload dependency of the time constant, the index of the time constant divided by end-systolic left ventricular pressure was also calculated.14 To examine the completeness of relaxation, we used the technique of Weisfeldt et al,15 which assumes relaxation to be 97% complete at 3.5 time constants after peak negative dP/dt. The number of time constants elapsed was calculated at the time of the lowest diastolic pressure. As a simple estimate of left ventricular chamber stiffness, the index of AP (end-diastolic pressure minus the lowest pressure) divided by AV (end-diastolic volume minus the volume at the lowest pressure) was calculated. The oxygen uptake at the end of exercise was not affected by propranolol administration in the DCM group (10.6±3.2 to 10.6±2.6 mL* min.* kg-') and in the AR group (15.0±2.6 to 15.2±2.7 mL. min`* kg-'), indicating that the exercise intensity was almost identical before and after propranolol administration. The Table shows resting and exercise hemodynamic data obtained before and after propranolol administration.
Baseline Hemodynamics
Resting heart rate, peak left ventricular pressure, and end-diastolic and end-systolic volumes were not significantly different between the DCM and AR groups. The lowest left ventricular pressure and mean right atrial pressure were significantly higher in the DCM group than in the AR group (P<.05 and P<.05, respectively), but end-diastolic pressure was not significantly different between the two groups. The maximal positive and negative dP/dt values were significantly lower in the DCM group than in the AR group (P<.05 and P<.05, respectively). Moreover, both the time constant and time constant corrected by end-systolic pressure were significantly greater in the DCM group than in the AR group (P<.05 and P<.05, respectively). The index of AP/AV was not significantly different between the two groups. The number of time constants elapsed at the lowest pressure was substantially but not significantly less in the DCM group than in the AR group.
Effect of Exercise
In the AR group, the modest exercise used in this study significantly increased heart rate and maximal positive and negative dP/dt by averages of 37%, 38%, and 30%, respectively. These variables also significantly increased with exercise in the DCM group; however, percent increases in maximal positive and negative dP/dt were only 24% and 13%, respectively, despite a comparable 41% increase in heart rate. In the AR group, the time constant and time constant corrected by end-systolic pressure substantially but not significantly decreased with exercise by averages of 16% and 27%, respectively, whereas both parameters remained unchanged in the DCM group. Mean right atrial pressure was not significantly elevated by exercise in both groups.
In the AR group, the diastolic pressure-volume relation was unaltered by exercise in individual patients ( Fig  1A) or on the average plots (Fig 1B) , although end-diastolic pressure was slightly elevated in proportion to the increase in end-diastolic volume. In the DCM group, the diastolic pressure-volume relation was clearly shifted upward by exercise in 10 of 12 patients (Fig 2) . The upward shift was also demonstrated by the average plots ( Fig 3A) ; the end-diastolic and lowest pressures were significantly elevated by exercise, despite insignificant changes in end-systolic and end-diastolic volumes. When left ventricular pressure was corrected for the transmural pressure by subtraction of simultaneous mean right atrial pressure from the measured left ventricular pressure, the lowest and end-diastolic pressures were also significantly elevated by exercise (6±5 to 14±10 mm Hg, P<.05, and 14±8 to 25±12 mm Hg, P<.05, respectively). Thus, the significant upward shift was also observed even when the left ventricular pressure was corrected for the transmural pressure (Fig 3B) .
In the DCM group, the exercise-induced rise in the lowest pressure was significantly correlated with resting 
Effect of Propranolol on Resting Hemodynamics
Propranolol significantly decreased resting heart rate as well as maximal positive and negative dP/dt in both groups, whereas changes in other resting hemodynamic variables were not significant except for the increase in end-diastolic volume in the AR group and increases in the time constant and corrected time constant in the DCM group. The resting diastolic pressure-volume relation was not altered with propranolol administration in both groups.
Effect of Propranolol on Exercise Hemodynamics
Propranolol significantly decreased heart rate as well as maximal positive and negative dP/dt and insignificantly increased the time constant and time constant corrected by end-systolic pressure during exercise in both groups. The mean right atrial pressure during exercise was slightly but significantly elevated with propranolol administration in both groups.
In the AR group, the exercise end-diastolic pressure was significantly increased in proportion to the increase in exercise end-diastolic volume by propranolol administration, and hence, the diastolic pressure-volume relation during exercise was essentially unaltered (Fig 1B) . In the DCM group, the exercise-induced rise in the lowest pressure was significantly attenuated by propranolol administration. Moreover, despite a significant increase in end-diastolic volume, the exerciseinduced rise in end-diastolic pressure also tended to be attenuated by propranolol (P<.1). Thus, the exercise-induced upward shift of the diastolic pressurevolume relation was attenuated by propranolol administration (Fig 3A) . This was more clearly demonstrated when left ventricular pressure was corrected for the transmural pressure by subtraction of mean right atrial pressure ( Fig 3B) When individual responses were examined, the beneficial effect of propranolol on the diastolic pressurevolume relation during exercise was observed in 7 of 10 DCM patients who showed the exercise-induced upward shift but it was not observed in the remaining 3 patients (Fig 2) . In 2 of these 3 patients (patients 5 and 10), mean right atrial pressure during exercise was markedly elevated by propranolol administration (9 to 15 mm Hg and 1 to 13 mm Hg, respectively), suggesting an increase in external constraining pressure. In another patient (11), exercise heart rate decreased only slightly with propranolol administration (109 to 100 beats per minute), suggesting that the dose of propranolol was inadequate in this patient. 
Discussion
In the present study, we have demonstrated that the left ventricular diastolic pressure-volume relation is transiently shifted upward by a modest level of dynamic exercise in patients with DCM, the shift is not observed in AR patients with comparably dilated but nonfailing left ventricles, and the exercise-induced upward shift in patients with DCM is attenuated by treatment with propranolol.
In patients with effort angina, exercise-induced myocardial ischemia causes a transient upward shift of the diastolic left ventricular pressure-volume relation. 17, 18 In this study, a similar upward shift was induced by exercise in patients with DCM even in the absence of significant coronary artery narrowings. This response is abnormal since in normal subjects the diastolic pressure-volume relation has been demonstrated to be (Fig 3B) . Moreover, other external constraints such as pulmonary-cardiac contact pressure were unlikely to play an important role since the upward shift was not observed in patients with comparably enlarged hearts due to AR. .i 100 Thus, it is plausible that mechanisms other than increases in the external constraint play a central role in the exercise-induced upward shift of the diastolic pressure-volume relation. It is of note that the number of time constants elapsed at the time of the lowest left ventricular pressure significantly decreased, and furthermore, the index of AP/AV tended to increase with exercise in patients with DCM (Table) . These results strongly suggest that the exercise-induced upward shift of diastolic pressure-volume relation is attributed in part to incomplete relaxation and a transient increase in passive chamber stiffness during exercise.
It is unclear from our results why these abnormalities developed during exercise. However, several intrinsic abnormalities susceptible to exercise-induced sympathetic stimulation and consequent tachycardia are known in the failing heart. The decreased left ventricular relaxation rate in the failing heart has been suggested to be a reflection of abnormal calcium handling such as a reduced calcium sequestration by the sarcoplasmic reticulum.10,23-25 Moreover, heart rate-dependent potentiation of relaxation has been demonstrated to be markedly impaired in failing hearts.26 '27 In the presence of these abnormalities, sympathetic effects on increasing cytosolic calcium transient and shortening diastole may outweigh the sympathetic-mediated or frequency-dependent acceleration of the deactivation process, causing incomplete relaxation and increasing chamber stiffness through cytosolic calcium accumulation during diastole. Indeed, in our patients with DCM, maximal negative dP/dt increased only by 13%, and the time constant failed to decrease during exercise, despite a 41% increase in heart rate. In contrast, a comparable 37% increase in heart rate was accompanied by a 30% increase in maximal negative dP/dt and a 27% decrease in the time constant corrected by end-systolic pressure in patients with AR. Furthermore, exercise-induced diastolic dysfunction may also be associated with myocardial ischemia because evidence from human as well as animal model heart failure studies suggest that the failing heart has a reduced coronary vasodilator reserve and exists in an energy-depleted state.28-30 This speculation is supported by an experimental study of Hittinger et al. 9 In dogs with chronic heart failure induced by aortic banding, they demonstrated that sympathetic stimulation by isoproterenol infusion led to a transient upward shift of the left ventricular diastolic pressuredimension relation by provoking subendocardial hypoperfusion. Thus, the exercise-induced upward shift of the diastolic pressure-volume relation in patients with DCM appears to be the combined result of several detrimental effects of sympathetic stimulation on failing myocardium, in concert with intrinsic abnormalities of myocardial metabolism. The inverse correlation between the rise in the lowest pressure with exercise and resting ejection fraction supports this hypothesis (Fig 4) .
After administration of propranolol, the exercise-induced upward shift of diastolic pressure-volume relation was significantly attenuated in patients with DCM (Fig 3) . This effect was likely to result from improvements in incomplete relaxation and chamber distensibility because the abnormal responses of the index of AP/AV and the number of time constants elapsed at the lowest pressure during exercise were concomitantly attenuated with propranolol administration (Table) . Thus, the beneficial effects of propranolol on diastolic ventricular function during exercise are strong indirect evidence that exerciseinduced sympathetic stimulation exerts deleterious metabolic effects on failing myocardium.
Study Limitations
A noncardioselective p-blocker, propranolol, was used in this study. It is, therefore, possible that the attenuation of the upward shift with propranolol is a result of systemic vasoconstriction via vascular (3-receptor blockade or nonspecific myocardial effects such as a membrane stabilizing action rather than myocardial P-receptor blockade. However, these possibilities are unlikely as vasodilators have been reported to shift the diastolic pressure-volume relation downward through a decrease in pericardial constraint in patients with heart failure.3132 Thus, p32-blockade would actually enhance the upward shift through vasoconstriction. Nonspecific effects of propranolol are also negligible, as the drug did not shift the diastolic pressure-volume relation in patients with AR.
In the present study, reproducibility of hemodynamic measurements was not tested. Therefore, changes in resting and exercise hemodynamics observed after propranolol administration might be attributed to a placebo effect, an influence of the initial exercise test, or both. However, we confirmed with the use of right heart catheterization that the hemodynamic responses to the second symptomlimited exercise test performed 60 minutes after the first test are highly reproducible in patients with left ventricular dysfunction.33 In the present study, the summed interval between the two exercise tests was also 60 minutes; moreover, the exercise level used was modest. Thus, it is unlikely that the first exercise test influenced the results of the second exercise.
In this study, overall passive chamber stiffness was assessed using the average ratio of increase in left ventricular pressure to the increase in left ventricular volume from the lowest diastolic pressure to end-diastolic pressure. Although this technique may be too simple, the ratio has been demonstrated to be sensitive to changes in chamber stiffness. 16"19 Moreover, this technique avoids many of the assumptions that are implicit in assuming a monoexponential diastolic pressure-volume relation. This advantage is particularly important during exercise because of possible errors of fitting a curve to a few points measured during exercise tachycardia.
Implications
The present study demonstrates that a modest exercise exerts deleterious effects on diastolic function of the cardiomyopathic failing heart, probably by provoking incomplete relaxation, calcium overload, and/or myocardial ischemia/energy deficiency. It is, therefore, plausible that daily exertions repeatedly evoke these metabolic abnormalities in the failing myocardium, gradually promoting progression of heart failure. This hypothesis explains well how heart failure is aggravated by stress such as exercise but improved by rest. 34 The present study further suggests, on the basis of the beneficial effects of propranolol, that detrimental effects of exercise on failing hearts are mainly attributed to exercise-induced sympathetic stimulation. It is unclear from our results whether the acute beneficial effects of pl-blockers we observed are associated with clinical effectiveness of long-term P-blocker therapy.
However, it is most likely that (3-blockers protect the failing heart against detrimental effects of sympathetic stimulation during daily exertion, retarding progression of heart failure and hence restoring myocardial function after long-term administration. Thus, myocardial protection against exercise-induced sympathetic stimulation, as well as P-receptor upregulation, may be an important mechanism of the effectiveness of (3-blocker therapy for patients with DCM, although further studies are necessary to test this hypothesis.
